. At excitatory synapses onto LTD on rate and timing. Based on these data, we concortical and hippocampal pyramidal neurons, prestructed and tested three quantitative models of cortibefore-post spiking within a 10 ms timing window gives cal plasticity. One of these models, in which spikerise to LTP, whereas post-before-pre firing produces timing relationships causing LTP "win" out over those LTD ( 
Here we have systematically varied the rate, timing Potentiation of Extracellularly Evoked Responses and number of coincident afferents in order to explore at Low Frequency Depends on EPSP Size the rules that govern induction of long-term plasticity As noted above, the absence of pre-before-post potentibetween monosynaptically connected thick, tufted L5 ation in L5 pairs at 0.1 Hz seemingly conflicts with the neurons in rat visual cortex. Our experiments reveal a observations that L2/3 somatosensory neurons do exjoint dependence of plasticity on timing and rate, as well hibit pre-before-post LTP at low frequencies using exas a novel form of cooperativity operating even when tracellular stimulation (Feldman, 2000) . Biological difthe postsynaptic AP is evoked by current injection.
ferences, e.g., due to region or synapse type, could Based on these experiments we have constructed a account for this disparity. Alternatively, experimental asquantitative description, which accurately predicts the pects such as presynaptic washout or variations in inbuild-up of potentiation and depression during random duction protocol could underlie the discrepancy. In an firing.
attempt to resolve the conflicting reports, we set out to reproduce Feldman's protocol in visual cortical L5 neurons using extracellular stimulation. An additional Results advantage of this approach is that EPSPs of graded amplitude could be obtained with extracellular stimulaWe made quadruple whole-cell recordings from thick, tion. With pre-before-post low frequency induction, extufted L5 neurons in rat visual cortex ( Figure 1A ). The tracellularly evoked EPSPs reliably potentiated if the rate of connectivity was 15% (239 connected pairs of pre-pairing responses were larger than approximately 1604 tested), which is similar to that reported for so2mV (Figures 2A and 2C ). With extracellular stimulation matosensory cortex (Markram et al., 1997a) . The number of smaller amplitude, no LTP was observed (Figures of multiply connected cells exceeded that predicted if 2B and 2C). This suggested that, at low frequencies, a connection probability were random (e.g., 62/239 pairs sufficiently large number of inputs had to be activated were reciprocally connected). This suggests that, as in in concert to produce LTP in L5 neurons. somatosensory cortex (Markram, 1997) , the connectivity One could have surmised that the difference in the of visual cortical L5 neurons is inhomogeneous. number of pairings between the low and high frequency protocols (50 versus 75) could account for the absence of low frequency LTP in pairs. However, this is unlikely, Potentiation in L5 Pairs Is Frequency Dependent given the frequency dependence of LTP in pairs (Figure In order to induce LTP, brief current pulses were used 1D) and the robust low frequency LTP for large EPSPs to evoke precisely timed pre-and postsynaptic APs (and for the cooperativity and depolarization experi-10 ms apart. High frequency bursts of pre-before-post ments described below). pairing at ϩ10 ms produced LTP ( Figure 1B) , whereas
Other properties of extracellular STDP in L5 neurons induction at 0.1 Hz did not give rise to any long-term resembled those reported for L2/3 somatosensory neuplasticity ( Figure 1C ). This frequency relationship (Figure rons (Feldman, 2000) . Post-before-pre pairing gave rise 1D) is similar to that described previously by Markram to LTD that developed with a similarly slow time course et al. (1997b) for L5 pairs in rat somatosensory cortex, ( Figures 1E and 2C) , and that did not seem to depend but differs from that observed for extracellularly evoked on the initial EPSP amplitude ( Figures 2C and 2D ). Furinputs to L2/3 pyramidal neurons (Feldman, 2000 ; see thermore, the spike-timing curve also exhibited an exalso Bi and Poo, 1998; Debanne et al., 1998; Zhang et tended timing window for LTD ( Figure 2D ). al., 1998). Post-before-pre pairing, on the other hand, gave rise to robust LTD at 0.1 and up to 20 Hz (frequency dependence discussed further below). The timing reLow-Frequency Potentiation in L5 Pairs Exhibits Cooperativity quirements ( Figure 1E) Figure 3A illustrates the results of such an experiment, in which at ϩ10 ms to LTD at Ϫ10 ms. LTD could be evoked the unitary EPSP was boosted during the induction by current injections were delivered during the induction. Figure 4A illustrates an experiment of this type in a a 7.1mV extracellularly generated response, indeed resulting in LTP. Cooperative activation of unitary EPSPs reciprocally connected L5 pair, where depolarization did rescue low frequency LTP. Current injection was adand compound extracellularly evoked EPSPs reliably evoked low frequency potentiation in L5 pairs (Figure justed so that the postsynaptic cell was depolarized to just below threshold. Precisely timed spikes were then 3B). The extracellular responses used for boosting the unitary EPSP also potentiated (data not shown).
produced with additional brief current steps ( Figure  4Ac ). This procedure reliably rescued low frequency po-A synapse strength histogram was obtained based on a sample of 139 paired recordings ( Figure 3C ). These tentiation, while preserving the spike-timing dependence, so that post-before-pre pairing still gave rise to data suggested that less than 5% of all L5-to-L5 connections were large enough to permit low frequency LTP LTD ( Figure 4B ). As a control, postsynaptic depolarization with pre-but not postsynaptic firing gave rise to on their own. A Monte Carlo simulation based on the fit of a Poisson function ( Figure 3C ) and a threshold for LTD (data not shown, 64.5 Ϯ 6.5%, n ϭ 3, p Ͻ 0.05). This last result was expected since pairing synaptic acti-LTP of 2.3mV ( Figure 5A In Figure 5A , all pre-before-post data at low frequency are plotted versus the degree of somatic depolarization test this hypothesis, 100-ms-long depolarizing somatic 
(see Experimental Procedures). It is clear that, although
subthreshold. It is likely that EPSPs measuring 2.3mV at the soma are significantly larger at the dendrite. the scatter is considerable, there is no potentiation on average below approximately 2mV total depolarization.
The same type of analysis for LTD suggested no such dependence on the degree of depolarization ( Figure 5B ). To quantify the threshold depolarization at which potentiation occurred in visual cortical L5 neurons, a sigmoid Linear regression produced an R value of 0.097 and p Ͼ 0.05 at the minimum of the sliding t test ( Figure 5B , was fit, which produced a half-maximum of 2.1mV (Figure 5A) . Similarly, a sliding t test for the difference of inset). These data argue that induction of LTP, but not LTD, requires a critical amount of postsynaptic depolarthe means to the left and right of a moving threshold had the highest statistical significance at a threshold ization even in the presence of postsynaptic firing. It has previously been reported that the amount of value of 2.3mV (p Ͻ 0.001, Figure 5A tion was robust, revealed a weak inverse relationship tion increased with frequency and was of a magnitude sufficient to rescue potentiation ( Figure 5D ). Further-( Figure 5C ). No correlation between the amount of LTD and the initial EPSP amplitude could be found (data not more, the amount of LTP obtained at these frequencies correlated well with the amount of residual depolarizashown).
We noticed that with the high frequency induction tion ( Figure 5E ). To test the hypothesis that the presence of LTP at protocol, the membrane potential did not quite repolarize to rest between the spikes of the induction spike high frequencies depends upon residual depolarization between spikes, small hyperpolarizing current injections trains (cf. Figure 5D depressed using this protocol, but on average no longprotocol illustrated in Figure 6C was employed. The postsynaptic cell was depolarized by subthreshold soterm plasticity was seen ( Figure 6B ). This pronounced effect (p Ͻ 0.05 for comparison between 40 Hz induction matic current injection for 50 ms, then, a short hyperpolarizing current was applied to bring the membrane powith and without hyperpolarization) implies that residual depolarization between spikes is required to permit rotential back to rest. At this point, the spike was delivered (cf. Figure 6Cb ). With this protocol, at least 60% of I A bust pre-before-post LTP in L5 pairs at high frequencies. It should be noted, however, that this cannot entirely currents are still inactivated at the time of the spike, assuming that inactivation recovers with a time constant explain the frequency dependence of LTP induction since although depolarization was able to rescue inducof at least 15 ms (Bekkers, 2000; Korngreen and Sakmann, 2000). However, no potentiation was evoked ustion at low frequency, the amount of LTP was significantly less (p Ͻ 0.05) than that observed at high frequency ing this protocol ( Figure 6D ), suggesting that I A inactivation is not the mechanism underlying the cooperativity (after/before ϭ 136%, 0.1 Hz, Figure 5A , n ϭ 28, whereas after/before ϭ 165%, 50 Hz, Figure 5E was produced ( Figure 7B ). This finding was most coninteractions at the same time. This may explain the absence of LTD at high frequencies (see Discussion). vincingly illustrated in the case of bidirectionally connected L5 pairs, like that shown in Figure 7A . In these The complex dependence of long-term plasticity on frequency suggested that accurately predicting plasticcases, the same APs are pre-before-post in one direction, and post-before-pre in the other direction. In each ity during complex firing patterns might require separately measuring the spike-timing curve at each freof these cases (n ϭ 4 pairs at 50 Hz and n ϭ 3 pairs at 40 Hz) potentiation was produced in both directions. It quency. Toward that end, we combined the existing data from Figures 1D and 7B (corresponding to the ϩ10 should be pointed out that at these frequencies, postsynaptic spikes that fall within the LTD window for one and Ϫ10 ms time points) with additional data from experiments designed to fill in the timing curves at 0.1 Hz, 20 presynaptic spike (e.g., Ϫ10 ms in Figure 2D ) also fall within the LTP window for the next presynaptic spike Hz, 40/50 Hz and 100 Hz. Data from pairs stimulated at 0.1 Hz (without boosting or depolarization) closely (e.g., ϩ15 ms at 40 Hz, or ϩ10 ms at 50 Hz). Hence high frequency trains produce both LTP and LTD timing overlapped the more completely studied timing curve derived from small amplitude extracellular stimulation respect to a subsequent or preceding spike. As noted above, LTD at ⌬t ϭ Ϫ10 ms disappears at these frequen- (Figures 7C and 2D) . As expected from the lack of voltage dependence of LTD, these curves differ from those cies, presumably because additional timings that produce LTP are also present; each postsynaptic spike with obtained with large amplitude extracellular stimuli only in that they lack an LTP portion (cf. Figure 2D) . At 20 ⌬t ϭ Ϫ10 ms, also has a ⌬t ϭ ϩ10 ms (50 Hz) or ϩ15 ms (40 Hz) with respect to the preceding presynaptic Hz, synchronous firing (⌬t ϭ 0 ms) produced somewhat more LTD than at 0.1 Hz, and LTD was also evident when spike. It is important to note, however, that the disappearance of LTD does not mean that plasticity was no ⌬t ϭ ϩ25 ms. Both of these effects can be understood in terms of multiple spike-timing interactions and the low longer timing dependent. This can be observed from the fact that synchronous firing (⌬t ϭ 0 ms) produced frequency spike-timing curve. At 20 Hz, a postsynaptic spike at ⌬t ϭ 0 ms falls within the LTD window of the no LTP at 40 Hz ( Figures 7C and 7D) . As frequency continues to rise, postsynaptic spikes, which are presubsequent presynaptic spike (⌬t ϭ Ϫ50 ms). Similarly, a ⌬t of ϩ25 ms is equivalent to a ⌬t of Ϫ25 ms for the cisely synchronized with presynaptic spikes, begin to approach the LTP window for the preceding presynaptic subsequent presynaptic spike. At 40 and 50 Hz, the entire interaction window is only Ϯ 12.5 or 10 ms, respike. This effect is marked at 100 Hz, in which case robust LTP is induced ( Figure 7D) . Here, each postsynspectively; timings outside this range are equivalent with . Implicit in both approaches produced at high frequency, whereas low frequency random firing gave rise to robust depression ( Figure 8C ) is the assumption that a single spike-timing curve governs interactions at all frequencies. To test this assump- (Feldman, 2000) . Imprecisely timed spiking during the induction thus isolates the rate-based component of tion and quantify the rules that govern long-term plasticity at L5 synapses, three phenomenological computer plasticity. Next, we used the model fits to predict the amount models were formulated. All three models involved the following steps: First, the polarity of the predicted plasof LTP or LTD obtained with random firing at different frequencies ( Figure 8C ). The RMS was considerably betticity contributed by each pair of correlated pre-and postsynaptic spikes were determined from the time inter for Model 3 as compared to both Models 1 and 2 ( Figure 8D ). Furthermore, linear regression analysis for terval between them. Spike pairs with ϩ20 Ͼ ⌬t Ͼ 0 ms generated LTP, spike pairs with 0 Ͼ ⌬t Ͼ Ϫ75 ms predicted versus actual magnitude of LTP/LTD gave both better correlation and a slope closer to one for generated LTD, and spike pairs outside of this window were ignored. Next, for spike pairs within the LTP winModel 3 (r ϭ 0.98, slope ϭ 1.09) than for Model 1 (r ϭ 0.83, slope ϭ 0.53) and Model 2 (r ϭ 0.92, slope ϭ 0.77). dow, the magnitude of LTP was determined jointly by the membrane potential immediately preceding the We conclude from these modeling studies that LTP and LTD interactions occurring closely in time do not postsynaptic spike and by the instantaneous frequency. The voltage dependence was determined from the sigsum linearly, but that LTP wins over LTD. Furthermore, multiple interactions (in either the LTP or the LTD winmoidal fit to the data in Figure 5A . The residual depolarization is itself frequency dependent ( Figure 5E ). Howdow) do not count more than single interactions. The simple rules implemented in Model 3 may provide a more ever, as mentioned above, the fact that maximal LTP at high frequency exceeds maximal LTP at low frequency quantitative framework for understanding the impact of correlated firing on synaptic strength. implies a second component of frequency dependence. This was modeled linearly. Hence for all three models, the only parameters varied in the fitting process were Discussion the slope and intercept of the frequency dependence. These parameters were derived from weighted fits to Results presented here describe systematically how the frequency dependence of pre-before-post (Figure long-term plasticity at synapses between thick, tufted 1D) and post-before-pre firing ( Figure 7B) . Finally, the L5 neurons depends jointly on firing rate, spike timing three models differed in which pre-and postsynaptic and cooperativity among inputs. Previous studies have spikes were permitted to interact: focused either on the rate or on the timing of pre-and postsynaptic firing, which has lead to an artificial dichot-• Model 1 counted all spike interactions, e.g., several omy between STDP and classical LTP/LTD. At any given spikes falling in the LTD or LTP windows would sum rate, the precise timing of pre-and postsynaptic firing linearly.
is a crucial determinant of the sign and magnitude of • Model 2 counted only nearest-spike interactions. plasticity ( Figures 2D and 7C) . Conversely, for any partic-• Model 3 was identical to Model 2, except spike interular timing, or for random firing, there is a strong depenactions producing LTP were presumed to "win" over dence of plasticity on rate ( Figures 7D and 8C) . The those producing LTD. This rule was motivated by the measured dependence on rate and timing can be comresults presented in Figures 7B and 7C . It was implebined into a quantitative description, which accurately mented by not counting LTD interactions whose postpredicts the frequency dependence of LTP and LTD synaptic spike participated in an LTP interaction.
evoked by random firing. Such a description is necessary for extrapolating from the simple protocols used As illustrated in Figure 8A , Models 2 and 3 captured in cellular plasticity experiments to the complex firing the data significantly better than Model 1; the rootpatterns of neurons in the developing cortex in vivo. mean-squared error (RMS) was considerably lower for Moreover, we find a novel form of cooperativity that is the former models than for the latter. Models 2 and 3 a prominent feature of STDP at low frequencies. performed nearly equally well. The ability to closely fit the data using a single set of LTP and LTD timing windows validates this approach and argues that it is not mately, however, tests of these hypotheses will require
In all experiments, all involved neurons were made to spike every measurement and manipulation of cortical plasticity dur-10 s throughout the entire experiment. Spikes were produced by ing the relevant brain states in vivo.
5-ms-long current injections (0.8-1.5 nA). Spikes displaced by at least 400 ms relative to each other, to avoid accidental STDP induction, established baseline.
Experimental Procedures
For experiments using extracellular stimulation and with pairs at low frequency (0.1 Hz), spike delays were shifted during the inducElectrophysiology Three hundred micron-thick, slices were cut from visual cortex of tion period (50 pairings) to produce the desired spike timing, without changing the overall rate of firing (Feldman, 2000) . Induction protoLong-Evans rats age P12-P21. Rats were anesthetized with isoflurane, decapitated, and the brain was rapidly removed to ice cold cols at high frequency (10 Hz and higher) were done as described by Markram et al. (1997b) For the random firing experiments, timing differences between The two free parameters for LTP interactions (linear dependence on frequency, plus an intercept variable) were extracted by a multiindividual pre-and postsynaptic spikes were drawn from a Gaussian distribution with a SD of 7 ms and 0 mean. High-frequency random variate two-dimensional weighted least-square fit to the averaged pre-before-post and post-before-pre frequency dependence data firing was in bursts of five spikes repeated every 10 s. Low frequency random firing was at 0.14 Hz. The total number of pairings was 75 ( Figures 1D and 7B , fit illustrated in Figure 8A ). The average amount of residual depolarization ( Figure 5D ) was used when generating at all frequencies.
After the induction period, responses were monitored as before these fits. The models were evaluated on the random firing data ( Figure 8C ). for as long as possible or up to a total recording time of 80 min.
The degree of potentiation or depression was measured as the Traces from the induction of individual experiments were analyzed for spike positions, residual depolarization, and instantaneous postaverage response starting 10 min after the induction period until the end of the recording divided by the average response obtained synaptic frequency. The estimated change in synaptic strength was averaged across experiments before being compared to the correduring the initial baseline period. Failures were included in these measurements. A small number of aberrant responses due to electrisponding averaged data points ( Figure 8D ). For both the weighted fits and the random firing predictions, the 2 (not shown) indicated cal artifacts or to spontaneous activity were occasionally removed from these measurements. Recordings were typically 60 min long the same relative goodness of fit as did the RMS. and were not included if shorter than 40 min.
